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INTRODUCTION 
Highly porous metallic foams by themselves or as the cores of ultralight metal 
structures have significant practical interest because of unique combinations of properties 
[1]. These can include high energy absorption and acoustic damping during impacts, high 
electrical conductivity and electromagnetic shielding capability, as well as good thermal 
insulating and fire resistance potential. Foams having open cells are readily permeated by 
common fluids like air and oil while aluminum foams having closed cells exhibit enhanced 
corrosion resistance and are buoyant in water. Furthermore, when used as the cores of tubes, 
sandwich plates and shells, the excellent specific stiffness and damage tolerance of such 
members allows for the construction of efficient load bearing structures with considerable 
shakedown potential. 
The widespread adoption and use of metallic foams and structures made from them has 
been limited in part because of fabrication difficulties and reduced elastic moduli and yield 
strengths. Issues leading to the knockdown in mechanical properties likely include 
inefficiently shaped and abnormally large cells, local changes in cell orientation, excess 
material at nodes and along cell walls, curved and broken cell walls, significant 
microporosity and poor alloy microstructure control. Knowledge of the relative importance 
of these issues and their effect on performance has been slowed by a lack of nondestructive 
techniques that are able to accurately reconstruct an unperturbed picture of cell structure and 
deformation. Such knowledge could lead to morphology optimization through mechanism 
based models. Reduced material costs and tailoring of properties to suit a desired 
application are some of the anticipated results. 
Here, the internal reconstructive capability of X-ray computed tomography (CT) is used 
to investigate the structure and deformation of aluminum foams. Through visual analysis of 
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CT images, links between process conditions, cell structure, cell deformation and 
mechanical properties are sought. A significant advantage of this method is that the natural 
environment of the cells is maintained and with full constraint of those surrounding. 
COMPUTED TOMOGRAPHY 
When a beam of X-rays pass through an object, they are attenuated through photo-
electron interactions, X-ray scattering, electron-pair production and photodisintegration [2]. 
This results in a material dependent X-ray attenuation. If I is the intensity of the radiation 
and'*:. is the differential thickness of material through which it passes, the change in 
intensity, dI, is proportional to the distance traversed [2,3] 
(1) 
where J..l is the linear attenuation coefficient of the material. This coefficient varies 
depending on the frequency of the radiation. Upon integrating Equation (1), a relationship 
between the incident radiation intensity, 10 , and the transmitted radiation intensity, I, is 
obtained [2,3] 
(2) 
where L is the finite sample thickness. In a highly porous media, the attenuation coefficients 
and sizes of various features (e.g. cell walls as compared to gas filled pores) can vary 
dramatically. This results in measurable spatial variations of the exiting ray intensity. 
With X-ray computed tomography (CT), thin collimated beams of radiation are 
transmitted through thin slices of the object, Fig. 1. Typically, a series of transmission 
measurements (projections) involving incremental source rotations and subsequent 
translations (continuous for spiral scanning) are made. To reconstruct internal features (e.g. 
cell walls as compared to gas filled pores) from the measured transmission data, the object is 
discretized into a series of voxels (see Fig. I), each characterized by a unique attenuation 
coefficient, J..l( (x, y, z), J..l2(x, y, z), J..l3(x, y, z), ... , where x, y and z are the Cartesian 
coordinates. For a thin collimated beam of monochromatic radiation, a mathematical form 
for the transmitted intensity is [3] 
where L( (cp, z), L2( cp, z) , L3(~' z), ... are the distances traveled through each voxel. Since 
the ray angle, cp, and voxel size for a given slice are predetermined, so too are these lengths. 
The incident radiation intensity is prescribed and the transmitted intensity gets recorded. 
Thus, the only unknowns are the attenuation coefficients. With enough projections and ray 
angles, one can solve for the coefficients and assign each a gray scale weighting for film or 
digital presentation [3]. This procedure can be repeated slice by slice over the entire object 
for full three-dimensional reconstruction. 
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Figure 1. Fundamentals of CT measurement and three-dimensional reconstruction. 
EXPERIMENTAL 
A high resolution Picker (Cleveland, OH) PQ-2000 CT Imaging System (normally used 
for medical scanning of hospital patients) was used to obtain the CT images. Scanning 
occurred in the axial mode and with a bone algorithm for reconstruction. The accelerating 
voltage was 130 kV, the beam width was -1 mm and the scan time was 1.5 sec. The spatial 
resolution was -0.5 mm. Prior to scanning, deformation samples were clearly marked with 
centrally located cross lines for laser aided alignment. This ensured accurate cell tracking 
before and after deformation. 
An electromechanical testing machine equipped with stainless steel compression 
platens was used to apply the compressive load. Load-displacement data was recorded at a 
rate of 1 sample/sec using a personal computer. A cylindrical (25.0 mm diameter) stainless 
steel indenter was used for the indentation test. All testing occurred at a constant crosshead 
displacement rate of 0.30 mrn/min at ambient room temperature (-25°C). 
INVESTIGATION 
Closed Cell Aluminum Foam Cell Structure 
Semi-continuous casting of closed cell aluminum foam is routinely accomplished 
through aeration and solidification of molten aluminum containing solid, foam stabilizing 
particles (e.g. SiC)[4]. During production, molten foam spills over the edge of a melt 
container for removal via a conveyor belt. A roller above the foam controls its thickness. 
Such conditions can lead to meaningful variations of cell morphology. Since internal 
structural details are critical to performance, CT was investigated as a means of 
characterization, Fig. 2. The sample was -110 mm by -110 mm by -30 mm and was 
produced by AIcan International Limited (Kingston, Ontario). 
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Figure 2. Closed cell aluminum foam (Alcan) after processing. Gravity and applied surface 
tractions have led to significant variations of cell structure and orientation. 
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Gravity induced drainage has led to a high relative density wall thickness and a 
flattening of cells in the lower regions of the sample, Fig. 2. In the upper regions, the cells 
have assumed an ellipsoidal shape. This is likely a consequence of surface tractions applied 
by the roller from above. Near the center of the sample, an apparent balancing of the forces 
at work has resulted in mechanically attractive spherical cells. The observed variations of 
cell structure suggest a potential for tailoring of properties through controlled application of 
body forces and surface tractions during cooling. 
Open Cell Aluminum Foam Compression Behavior 
Open cell aluminum foam can be manufactured through directional solidification of the 
metal from a super-heated liquidus state in an environment of overpressures and high 
vacuum [5]. A Duocel® (ERG Inc., Oakland, CA) sample having 30 pores per inch and 
brazed facesheets was machined cylindrical (for axisymmetric loading) with a-50 mm 
diameter and -73 mm height. CT images were taken before and after compression, Fig. 3. 
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Figure 3. Typical compression behavior of the open cell aluminum foam (Duocel@). 
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This particular sample exhibited an upper yield stress of 0.98 MPa and an unloading 
modulus of 0.38 OPa (the facesheets were treated as rigid for the computations), Fig. 3. The 
slight load drop just beyond the test midpoint suggests the propagation of a deformation 
band. Close observation of the CT image does reveal a preferential deformation of adjacent 
cells in the lower 1/3 of the sample where numerous compressed cells have coalesced to 
form an upward concave band. The slight bulging of the sample perpendicular to the loading 
direction indicates three-dimensional coupling of stress and strain. 
Closed CelI Aluminum Foam Compression Behavior 
Batch casting of closed cell aluminum foam is routinely accomplished after addition of 
a foaming agent to molten aluminum containing sufficient calcium to increase the viscosity 
enough to resist the collapse of pores [6]. To produce Alporas@ (Shinko Wire Co., Japan), 2-
8 wt. % calcium thickens the melt and decomposition of titanium hydride initiates the 
foaming. A cylindrical Alporas@ sample with a-50 mm diameter and -50 mm thickness 
was compression tested. Again, CT images were taken before and after the loading, Fig. 4. 
Like the open cell foam (see Fig. 3), the upper yield stress was 0.98 MPa, Fig. 4. Now 
however, yielding occurred almost immediately [7] and the unloading modulus was slightly 
Large 
cell 
'i 
1.2 
~ 1.0 
~ 
w 0.8 
a:: 
.-(J) 
...J 0.6 
~ 
~ 0.4 
Z 
02 
I a..OSED CElL ALUMINUM FOAM (~) 
ReI<mYe darEity • 7.6% 
2 345 
NOMINAL STRAIN (%) 
6 
, 
! o.29GPa 
I 
7 8 
High 
relative 
density 
Figure 4. Typical compression behavior of the closed cell aluminum foam (Alporas@). 
1448 
lower at 0.29 GPa. No load drop or well defined deformation band were observed. Surface 
strain mapping has however, identified the initiation of deformation banding in this material 
at stress levels well below the upper yield stress [8]. Beyond -6% strain, multiple load drops 
are typically accompanied by the propagation of multiple deformation bands [8]. A thin 
region of high relative density is present near the upper 1/3 of the sample (see Fig. 4). Above 
this region, a large cell has deformed little, while below it, accurate cell tracking is difficult. 
This difficulty is presumed to arise from three-dimensional coupling of cell deformations 
with accompanying out of plane displacements. 
Closed Cell Aluminum Foam Indentation And Compression Behavior 
When plastically deformed, metallic foams generally exhibit a change of density such 
that their effective plastic Poisson's ratio is less than that of the bulk solid [1]. The lack of 
constraint by material in the vicinity of the plastic zone gives rise to a reduced indentation 
"hardness" (normally H = 3cry for the fully dense solid where H is the true hardness and 
cry is the yield stress). The indentation and compression behavior of two cylindrical 
Alporas® samples each with a -50 rom diameter and -10 rom thickness were measured, Fig. 
5. Indentation stress was calculated using the indenter contact area while indentation strain 
is simply the indenter displacement divided by the original sample thickness. CT images 
were taken before and after indentation. 
Although the relative densities of both samples were similar, the upper yield stress (see 
Fig. 5) for the indentation sample (3.16 MPa) was about twice that of the compression 
sample (1.48 MPa). This two fold increase in upper indentation yield stress has also been 
observed for samples having a-50 mm thickness. The upper yield stress for the -10 rom 
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Figure 5. Typical indentation and compression behavior of the closed cell aluminum foam 
(Alporas®). 
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thick samples is generally higher than the upper yield stress for the -50 mm thick samples 
for both indentation and compression (see Fig. 4). This is likely related to constraint 
imparted by the compression platens and/or the effect of sample cell size approaching that of 
the sample thickness. Individual cell deformations have been identified through visual 
analysis of the CT images, Fig. 5. The probability for given cells to collapse depends on 
many factors including their shape, orientation and the behavior of those surrounding. This 
is the subject of a concurrent study [8]. 
SUMMARY 
X-ray computed tomography has been used to investigate the structure and deformation 
of aluminum foams. The low relative density (i.e. low attenuation) of the foams allowed the 
use of a common medical imaging system. Through visual analysis of CT images, links 
between process conditions, cell structure, cell deformation and mechanical properties were 
uncovered. This occurred while maintaining the natural environment of the cells and with 
full constraint of those surrounding. Major defects such as those caused by drainage as well 
as mechanisms responsible for knockdown in properties were identified. The observed 
three-dimensional coupling of cell deformations suggests a need for three-dimensional 
reconstruction if accurate quantitative results are sought. 
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